1. Introduction {#sec0001}
===============

Nanoparticle (NP) delivery systems are widely utilized in biomedical applications to improve human health through disease prevention, diagnosis, and treatment. A wide variety of nanoparticles are being investigated preclinically. However, only a handful of anticancer nanoformulations, predominantly in liposomal form, have been approved by the Food and Drug Administration (FDA) or the European Medicines Agency (EMA) [@bib0001]. A thorough understanding of how nanoparticles interact with tissues and cells *in vivo* is essential to accelerate the clinical translation process \[[@bib0002], [@bib0003]\].

Intravital imaging, the imaging of live animals at microscopic resolution, is gaining increasing attention in biomedicine because it can provide multicolour spatiotemporal information at single-cell resolution in a variety of organs *in vivo*. In addition to the early imaging of lymph nodes \[[@bib0004], [@bib0005]\] and recent visualization of mouse embryos [@bib0006], intravital imaging has become a critical tool to reveal the novel mechanism of nanoparticle transport in the tumour microenvironment [@bib0007], [@bib0008], [@bib0009]. Here, we review recent progress on the use of intravital imaging in answering fundamental questions about nanoparticle delivery *in vivo*.

2. Intravital imaging to answer fundamental questions about nanoparticle delivery *in vivo* {#sec0002}
===========================================================================================

2.1. Intravital microscopy (IVM) imaging of nanoparticle-neutrophil interactions {#sec0003}
--------------------------------------------------------------------------------

Systemic delivery is one of the most common routes to reach target sites in the body. When nanoparticles are intravenously administered, the first type of cells they will most likely encounter are the cells circulating in the bloodstream. Neutrophils are the most abundant circulating leukocytes in mice and humans [@bib0010].

Intravital imaging enables dynamic recording of direct interactions between NPs and neutrophils, which is critical for identifying the role of neutrophils in NP delivery. For example, Naumenko et al. used IVM to compare the accumulation dynamics of Cy5-labelled magnetic nanoparticles, shaped as cubes and clusters, in murine breast cancer (4T1) and colon cancer (CT26) models [@bib0011]. Both NPs were mainly captured by neutrophils (CD11c^+^Ly6G^+^ double-positive cells) in the tumour vasculature immediately after injection. Analysis of cell behaviour revealed that most of the NP-bound neutrophils were actively crawling in the tumour vessels, while only approximately 25% of cells adhered to the endothelium. Intravital imaging also revealed that NP-laden neutrophils extravasated through the endothelium in tumour tissue within 10--30 min after injection. Neither the cell capture nor the extravasation pattern differed between cubes and clusters. Nevertheless, the neutrophil-dependent delivery route was more impactful for shorter-circulating cubes (less than 5 min) than longer-circulating nanoclusters. Neutrophil-mediated transport was also shown to be dependent on tumour type, and was more efficient in 4T1 tumours, which were more neutrophil-rich, than CT26 tumours [@bib0011].

Others have taken advantage of NP-neutrophil interactions to develop an activated neutrophil delivery strategy. Bovine serum albumin (BSA)-modified carboxylated polystyrene nanoparticles with a size of 130 nm were able to specifically recognize activated neutrophils, not resting neutrophils [@bib0012]. IVM imaging demonstrated that activated neutrophils (labelled by Alexa Fluor-488-labelled anti-mouse Gr-1 antibody) internalized Cy5-labelled albumin NPs within 30 min post-injection in mice; the activated neutrophils then transported NPs across the blood vessel barrier after intrascrotal administration of TNF-α. Moreover, anti-CD11b antibody-decorated gold nanorods (NP-CD11b) were developed to target activated neutrophils [@bib0013]. The movement of NP-CD11b into lung carcinoma tumours was mediated by neutrophil infiltration induced by photosensitization. Neutrophil infiltration enhanced nanoparticle delivery and cancer therapy efficacy. Aside from the chemical conjugation methods described above, Wang et al. applied nitrogen cavitation to rapidly destroy activated neutrophils and produce cell membrane vesicles.[@bib0014]. Such vesicles were able to behave like intact neutrophils and bind selectively to inflamed vasculature through integrin β2 on the vesicle surface and intercellular adhesion molecule 1 (ICAM-1) on the surface of activated endothelial cells. When loaded with NF-κB inhibitor, the systemically administered nanovesicles markedly mitigated mouse acute lung inflammation. The same group also reviewed the use of IVM to image nanotherapeutics in inflamed vasculature in detail [@bib0015]. As shown in summary [Table 1](#tbl0001){ref-type="table"}, nanoparticles utilized in intravital imaging of neutrophils were all negatively charged and greater than 100 nm in size. Additionally, neutrophils were more impactful in the delivery of cube-shaped Fe~3~O~4~ NPs than in the delivery of cluster-shaped NPs. Thus, the speed of NP internalization within neutrophils is an important consideration for future use of the neutrophil-dependent delivery route.Table 1Understanding nanoparticle-cell interactions *via* intravital imaging.Table 1NPsTypeDye\
LabellingShapeSize\
(nm)Surface modificationCharge\
(mv)Time, CellsRef.Fe~3~O~4~ nanoparticlesInorganicCy5Cube139.6 ± 63PEG−9.1Immediately after i.v. injection,\
Neutrophils (CD11c^+^Ly6G^+^)[@bib0011]Fe~3~O~4~ nanoparticlesInorganicCy5Cluster139.7 ± 56PEG−11.2Immediately after i.v. injection,\
Neutrophils (CD11c^+^Ly6G^+^)[@bib0011]Carboxylated polystyrene nanoparticlesOrganicCy5Spherical115\~140BSA-modified,\
PEG−25\~−3530 min post i.v. injection,\
Neutrophils (Gr-1^+^)\
with TNF-α\
stimulation[@bib0012]Carboxylate and neutravidin-labelled nanoparticlesOrganicYellow-green fluorescent (505 / 515)Spherical232.1CD11b antibody-decorated,\
PEG−13.53 h after i.v. injection,\
Neutrophils (Ly6G^+^)\
with PS stimulation[@bib0013]Gold\
nanoparticlesInorganicn/aRod50 × 150CD11b antibody-decorated,\
PEG−10\~−15n/a,\
Neutrophils (Ly6G^+^)\
with PS stimulation[@bib0013]Neutrophil membrane nanovesiclesOrganicDiO/\
DiLSpherical200n/a−16/\
−14n/a,\
Neutrophils (Gr-1)\
with TNF-α\
stimulation[@bib0014]Single-walled carbon nanotubes (SWNTs)InorganicCy5.5Tube1.2 × 150With/ without RGD conjugated,\
PEGn/a2 h, 6 h (i.v.)\
Monocytes\
(Ly-6C^hi^ CD11b^+^)[@bib0007]Lipid-based nanoparticles\
(7C1/siRNA-CX3CL3)OrganicAlexa 647Spherical35\~60PEGNeutraln/a,\
Endothelial cells-Monocytes\
(CX3CR1^+^Ly-6C^low^)\[[@bib0019], [@bib0020]\]Poly\
MicrobubblesOrganicRhodamine-B and 1,1,3,3,3,3-hexamethylindotricarbocyanine (HITC) iodideSpherical2000n/an/aWithin 30 min (i.v.),\
Kupffer cells[@bib0022]Nano\
pomegranate-like nanoparticlesOrganicDiR-BOASpherical400n/an/a2 h (i.v.),\
Kupffer cells\
(F4/80^high^\
CD11b^int^)[@bib0023]Poly(N-(2-hydroxypropyl) methacrylamide) PolymersOrganicATTO 488 and Dy750Spherical10Mannose-decoratedn/aWithin 2 h (i.v.),\
Endothelial cells and\
Kupffer cells[@bib0022]LiposomesOrganicAlexa Fluor 750, Alexa Fluor 488Spherical100PEGn/aWithin 2 h (i.v.),\
Kupffer cells and\
endothelial cells[@bib0022]Fe~3~O~4~-Au\
Janus nanoparticlesInorganicCy5, NRedBulk-like125\~172PEG−20.2\~--24.915\~60 min (i.v.),\
tumour-associated macrophages[@bib0025]Hybrid lipid--latex (LiLa) nanoparticlesOrganicAlexa Fluor 647Spherical45\~92Phosphatidylserine (PtdSer) and cholesterol-9-carboxynonanoate\
(9-CCN) coated\
,PEGn/a20 min after i.v. injection,\
M1 macrophages\
(Ly6C^+^F4/80^+^and\
c-fms^YFP+^ mice)[@bib0026]Ferumoxytol\
(Clinically applicable Fe~3~O~4~ nanoparticles)InorganicRhodamineSpherical17--31Polyglucose sorbitol carboxymethylether (PSC) coating\`\~−16Day 1-Day 21 (i.v.),\
Macrophages\
(Jax C57BL/6-\
Tg (Csf1r-EGFP-NGFR/FKBP1A/TNFRSF6) 2Bck/J mice)[@bib0027]Transferrin conjugated LiposomesOrganicCy5.5Spherical137 nmPEG−12.1Imaging at\
24 h (i.v.),\
Brain capillary\
endothelial cells[@bib0028]Transferrin conjugated\
PolymersOrganicNile redSpherical\
100--150PEGPositiveImaging at\
3 h (i.v.),\
Brain capillary\
endothelial cells[@bib0029]Poly(N-(2-hydroxypropyl) methacrylamide) PolymersOrganicATTO 488 and Dy750Spherical10n/an/aWithin 2 h (i.v.),\
LSECs (minor)[@bib0022]Quantum dotsInorganicn/aSpherical2.1n/a−52Within 3 h (i.v.),\
LSECs,[@bib0031]Peptide-lipid nanoparticlesOrganicDiR-BOASpherical20Peptide RXR or RXXR sequences\
decoratedNeutralSeconds after i.v. injection,\
LSECs[@bib0032]Calciprotein particlesOrganicAlexa Fluor 488Spherical50--100Fetuin-A protein mineral complexesn/a\< 1 min (i.v.),\
LSECs[@bib0034]Few-atom gold nanoclustersInorganicn/aCluster\<1n/an/a6 s, 3 min (i.v.)\
Endothelial cells[@bib0030]1,2-diaminocyclohexane-platinum(II) (DACHPt) based PolymersOrganicAlexa Fluor\
647Spherical30,70n/an/aEruptions occur stochastically throughout\
the 10 h (i.v.),\
Tumour endothelial cells\
(inter-endothelial gaps)[@bib0008]DOXIL\
(doxorubicin HCl liposomes)Organicn/aSpherical85PEGNeutralEruptions occur stochastically throughout\
the 10 h (i.v.),\
Tumour endothelial cells\
(inter-endothelial gaps)[@bib0008]Gold nanoparticlesInorganicAlexa Fluor 647Spherical50PEGn/a0--85 min (i.v.),\
Tumour endothelial cells\
(GSL1-Cy3)\
(intra-endothelial)[@bib0009]LiposomesOrganicDiD, DiOSpherical109±28PEGNeutralMacropleakages were not stable in space and time (i.v.),\
Tumour endothelial cells (CD31)-Neutrophils (Ly6G)[@bib0053]SiO2 nanoparticlesInorganicPacific blueSpherical70PEGn/aMacrophages:\
within minutes\
Scavenger endothelial cells: with a time scale of hours\
in transgenic zebrafish embryos(*fli1a:eGFP/mpeg1:mCherry*)[@bib0054]Amorphous silica nanoparticlesInorganicRed\
(569 / 585)Spherical50n/aNegative2 min, 1 h after instillation,\
alveolar epithelial cells[@bib0047]Fe~3~O~4~ nanoparticlesInorganicCy5Cube,\
Cluster140PEGNegativeWithin 60 min (i.v.),\
Renal tubular epithelial cells[@bib0048]PLGA\
based nanoparticlesOrganicCy5Spherical347.6 ± 21.0PEG−19.0 ± 0.372 h after injection (i.v.),\
Renal tubular epithelial cells[@bib0049]Ferumoxytol\
modified nanoparticlesInorganicFITCSpherical25.33 33 ± ± 1.70DEVD peptide conjugated,\
PEG−3.69 ± −1.29Day1-Day 6\
Labelling mouse mesenchymal stem cells and pig mesenchymal stem cells\
*in vitro*[@bib0050]Peptide and aptamer\
dual-functionalized nanoparticlesOrganicDiD, DiRn/a106\~122K237 peptide,\
Ep23 aptamer\
modified−25.4\~−31.4Within 30 min,\
Circulating tumour cells (CTC)[@bib0052]*Cowpea*\
*mosaic virus* (CPMV)\
nanoparticlesOrganicAlexa Fluor 647Spherical30E7p72 peptides\
decorated,\
PEGn/aOver 1.5 h,\
Tumour endothelial cells\
(Lectin rhodamine) in the avian embryo CAM[@bib0036]Mesoporous Silica supported lipid bilayers (Protocells)InorganicRhodamine B isothiocynate (RITC)Hexagonal, spherical, rod-like137--397PEG−4.0\~−5.05 min, 30 min,\
1 h, 4 h, 9 h;\
leukemia cells\
in the avian embryo CAM[@bib0051]

2.2. IVM imaging of NP-Monocyte/Macrophage interactions {#sec0004}
-------------------------------------------------------

Beyond neutrophils, other myeloid cells, such as monocytes/macrophages, which belong to the mononuclear phagocyte system (MPS) also play a pivotal role in nanoparticle delivery \[[@bib0016],[@bib0017]\].

### 2.2.1. Monocytes in blood {#sec0005}

Gambhir\'s group found that Cy5-labelled PEGylated single-walled carbon nanotubes (SWNTs) were almost exclusively taken up by Ly-6C^hi^ inflammatory monocytes and delivered to tumours in mice. This monocyte-mediated delivery served as a "trojan horse" and accounted for approximately 25% of SWNT delivery to the tumour site [@bib0007]. Building upon these observations, Flores et al. loaded SWNTs with a chemical inhibitor of the antiphagocytic CD47-SIRPα signalling axis, which plays an important role in atherosclerosis. The selective uptake of these SWNTs in Ly-6C^hi^ inflammatory monocytes led to their subsequent delivery to diseased arteries, where Ly-6C^hi^ cells typically differentiate into lesional macrophages. This approach enabled the activation of lesional phagocytosis, thus preventing atherosclerosis [@bib0018]. For circulating monocytes in the bloodstream, there exists another subset of monocytes, Ly6C^lo^ monocytes, which have been shown to play an immunosuppressive role [@bib0019]. Jung et al. performed intravital imaging in syngeneic SL4 colorectal cancer (CRC) tumour-bearing Cx3cr1^gfp/+^mice with abdominal imaging windows. In this study, Ly6C^lo^ monocytes were labelled with EGFP, and the blood vessels were labelled with TRITC-dextran. The images showed the flowing, crawling, and rolling of Ly6C^lo^ monocytes inside blood vessels, as well as CX3CR1^+^Ly6C^lo^ monocytes undergoing extravasation in the SL4 tumour. Thus, it revealed that CX3CR1 is crucial for Ly6C^lo^ monocyte transmigration across the endothelium in murine CRC models. Gene therapy using a clinically relevant nanoparticle (7C1) [@bib0020] that targeted endothelial cells and delivered siRNA against CX3CL1 reduced Ly6C^lo^ monocyte recruitment and improved the outcome of anti-VEGFR2 therapy in mouse SL4 CRCs [@bib0019].

### 2.2.2. Kupffer cells in the liver {#sec0006}

Monocytes differentiate into macrophages in a variety of tissues. Kupffer cells, the most abundant tissue macrophages, are originated from yolk sac-derived cells. They are essential for hepatic and systemic homeostasis. [@bib0021] Understanding how NPs interact with Kupffer cells is critical to developing more effective nanomedicines. Ergen et al. compared the cellular distributions of 10 nm poly(N-(2-hydroxypropyl) methacrylamide) polymers, 100 nm PEGylated liposomes and 2 µm poly(butyl cyanoacrylate) microbubbles in different organs *via* intravital multi-photon microscopy [@bib0022]. All nanoparticles had similar organ-level accumulation in the liver and spleen, while having dramatic differences in their cellular distribution within the liver. Prior to nanoparticle administration, Kupffer cells were labelled by injection of latex microspheres. Microbubbles were shown to rapidly and almost exclusively be captured from circulation by these latex microsphere labelled Kupffer cells within the first 30 min after microbubble administration. A few singular agglomerates traversing vessels, which were likely monocytes carrying microbubbles, were also observed. Injection of liposomes initially led to a high intravascular signal, after which the liposomes were found to gradually accumulate in liver Kupffer and endothelial cells over a period of 2 h. In contrast, polymeric nanoparticles primarily remained within the vasculature for the first 2 h, showing only minor uptake by endothelial cells. Moreover, mannose-decorated polymeric NPs showed higher uptake in endothelial cells as well as by CD206^+^ Kupffer cells, compared to non-decorated polymeric NPs. In another study, "off/on" NPs with a pomegranate-like structure and a size of \~400 nm were developed to specifically target Kupffer cells [@bib0023]. These NPs were used to monitor the spatial distribution of Kupffer cells along the central vein (CV)--portal triad (PT) axis, providing further insights in liver physiology.

### 2.2.3. Tumor-associated macrophages (TAMs) {#sec0007}

Targeting TAMs is an active anti-cancer strategy for nanomedicine. There are two main phenotypes of TAMs: M1 and M2 macrophages. Advances in M1/M2 macrophage-NP interactions have been reviewed in detail [@bib0024]. Here we highlight one example of iron oxide NP-TAM interaction in the 4T1-GFP tumour microenvironment, which was reported by Efremova et al. As soon as 15 min after injection, Cy5-labelled Fe~3~O~4~-Au NPs were detected outside tumour vessels. Over time, the accumulation of these NPs was shown to increase, but was limited to the 100 μm perivascular region. Of note, the release dynamics of payload from the NPs differed from the distribution of NPs themselves. Nile Red was non-covalently loaded into the polymeric shell of Fe~3~O~4~ NPs, mimicking the loading of a hydrophobic drug (*e.g.* paclitaxel). Real-time imaging revealed that Nile Red was released rapidly in the tumour microenvironment within just 2 min after NP attachment to the vessel wall .The difference in distribution between carrier and cargo may be due to the non-covalent loading method used, which can cause the release of the cargo to be sensitive to physical forces within the local environment, thus leading to a quick release [@bib0025]. The selective uptake of LiLa particles in M1 macrophages within inflamed adipose tissue has also been demonstrated by single-photon intravital imaging in mice [@bib0026]. Rhodamine-labelled ferumoxytol, clinically applicable iron oxide nanoparticles, have been utilized for endogenous labelling of macrophages for detection of immune responses to stem cell transplants [@bib0027]. Intravital microscopy confirmed the uptake of ferumoxytol NPs in macrophages, as evidenced by their fluorescence colocalization in the skull defects of transgenic mice with window chambers.

Monocytes/macrophages, which belong to the MPS, enable internalization of particles, present antigens to the adaptive immune system, secrete chemokine and cytokine mediators, exhibit cytotoxic activity against tumours [@bib0017], and interact with different sizes, shapes, and surface features of nanoparticles ([Table 1](#tbl0001){ref-type="table"}). Understanding how NPs interact with these cells can aid in the design of long-circulating NPs, thus enhancing tumour uptake and improving anti-tumour efficacy.

2.3. IVM imaging of nanoparticle-endothelial cell interactions {#sec0008}
--------------------------------------------------------------

After intravenous administration, NPs must interact with the blood endothelium in different tissues and tumours, either by transport through inter-endothelial gaps or *via* endothelial transcytosis or other unknown mechanisms. The kinetic process by which nanoparticles are transported across the vascular endothelium is a "hot" and debatable topic, and IVM imaging can provide insights that are not possible by other means.

### 2.3.1. Blood-brain barrier (BBB) {#sec0009}

The majority of NPs are blocked by the blood-brain barrier (BBB) and are thus unable to enter the brain. Recently, IVM was used to show transport of transferrin-functionalized nanoparticles (Tf-NPs) across the BBB in non-tumour bearing mice [@bib0028]. Tf-NPs were composed of a 1,2-distearoyl-sn-glycero-3-phosphoethanolamine-N-\[amino(polyethene glycol)−2000\] (DSPE-PEG2K) linker conjugated with Cy5.5-transferrin. Intravital images demonstrated that Tf-NPs were transported across the endothelium of microvessels into the surrounding subarachnoid space in normal mice with intact BBBs ([Fig. 1](#fig0001){ref-type="fig"}a). A diffusion gradient of NPs away from the blood vessel was observed. In mice with orthotopic brain tumours, Tf-NPs loaded with temozolomide and the bromodomain inhibitor JQ1 showed better tumour delivery and improved anti-tumour efficacy compared to those without transferrin modification. Similarly, anti-transferrin antibody functionalized chitosan nanoparticles were able to deliver caspase inhibitor and basic fibroblast growth factor across the BBB to provide neuroprotection [@bib0029]. Inhibition of vesicular transcytosis by imatinib abolished the brain permeation of these nanoparticles, further confirming transferrin receptor-mediated transcytosis.Fig. 1Intravital imaging sheds light on nanoparticle-endothelial cell interactions. a) Transferrin-functionalized nanoparticles (Tf-NPs: transferrin-PEG2K-Cy5.5 liposomes) cross the intact BBB, while control-NPs (Hemagglutinin-PEG2K-Cy5.5 liposomes) do not. Modified from Lam et al. [@bib0028] with permission; b) Non-invasive bright-field and fluorescence images of mouse ear blood vessels 6 s and 3 min after i.v. injection of Au~18~ or Au~25~ clusters, showing that Au~25~ crossed the endothelium more rapidly than Au~18~. Adapted from Du et al. [@bib0030] with permission; c) FLIM images of representative rat liver before, 60 min after, and 180 min after bolus injection of quantum dots (QD) with an emission channel of 515--620 nm. H represents the hepatocytes, while S represents the hepatic sinusoids. Adapted from Liang et al.[@bib0031] with permission; d) Intravital imaging of α-melittin-NPs in the liver showed that NPs quickly target LSECs. α-melittin-NPs were labeled with DiR-BOA (red), a lipid-anchored near-infrared fluorophore. Actb-EGFP mice were used to visualize the structure of the liver. Adapted from Yu et al. [@bib0032] with permission. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)Fig 1

### 2.3.2. Glomerular filtration membrane of kidneys and ear blood vessels {#sec0010}

Particles smaller than 6 nm can readily pass the glomerular filtration barrier. A slight decrease in the particle size leads to a remarkable increase in the clearance efficiency for nanoparticles ranging from 2 to 6 nm. Zheng\'s group gave a comprehensive review of different transport mechanisms of nanoparticles in the kidneys [@bib0033]. They also found that the glomerular filtration barrier significantly slowed down renal clearance of sub-nanometre gold nanoclusters (AuNCs) [@bib0030]. It appears that smaller AuNCs are more readily trapped by the glomerular glycocalyx than larger ones. A similar extravasation pattern was also observed in normal ear blood vessels, with Au~25~ crossing the endothelium more rapidly than Au~18~ ([Fig. 1](#fig0001){ref-type="fig"}b)~.~ Image quantification showed that it took only 2.7 min for Au~25~ to reach an equilibrium between the tissue interstitial space and artery, while the intensity of Au~18~ in the tissue interstitial space was only 37% of that in the artery at the end of the same period.

### 2.3.3. Liver sinusoidal endothelial cell (LSEC) {#sec0011}

Most NPs are trapped in the liver after intravenous injection. Liver sinusoidal endothelial cells (LSECs) line the capillary-sinusoids in the liver. Intravital imaging can be used to visualize NPs circulating in sinusoids or interacting with LSECs *in vivo*. Liang et al. investigated spatiotemporal disposition of negatively charged mercaptosuccinic acid (MSA)-capped cadmium telluride/cadmium sulfide (CdTe/CdS) quantum dots (QDs, 2.1 nm) in rat livers using multiphoton microscopy (MPM) coupled with fluorescence lifetime imaging (FLIM) [@bib0031]. In this technique, the fluorescence decay kinetics of each individual pixel are transformed into a spatial distribution of fluorescence lifetime. QDs have a longer fluorescence lifetime (typically ≥ 10 ns) than tissue autofluorescence (2--3 ns), which enables FLIM imaging to distinguish fluorophores from their environments in biological tissues. The images revealed that QDs (shown in red; [Fig. 1](#fig0001){ref-type="fig"}c) with a longer lifetime component, τ2, are retained in the sinusoids and selectively taken up by sinusoidal cells (Kupffer cells and liver sinusoidal endothelial cells), but not by hepatocytes (shown in green; [Fig. 1](#fig0001){ref-type="fig"}c) with a shorter lifetime component, τ1, within 3 h. Yu et al. utilized intravital imaging *via* spin-disk confocal microscopy to confirm that melittin nanoparticles targeted LSECs within seconds after injection ([Fig. 1](#fig0001){ref-type="fig"}d). Actb-EGFP mice were used in this study to visualize the structure of the liver. α-melittin-NPs were found to trigger the activation of LSECs and switch the hepatic immunologic environment to the activated state. This fast timeline may be critical for immune modulation in the liver, leaving the NPs without any opportunity to contact or interact with other immunocytes in the hepatic sinusoids to induce any subsequent events [@bib0032]. Similar rapid (\<1 min) LSEC uptake of NPs with a size of 50--100 nm was reported using fluorescent fetuin-A labelled colloidal protein-mineral complexes, known as primary calciprotein particles (CPP) [@bib0034].

### 2.3.4. Nanoparticle-endothelial cell interactions in tumours {#sec0012}

How nanoparticles interact with endothelial cells in tumours is a crucial question to improve nanomedicie tumour uptake, accumulation, and retention. Intravital imaging can provide spatiotemporal information about nanoparticle distribution in the tumour and allow for new insights into their transport mechanisms.

Targeting neovasculature is an important strategy for anti-cancer treatment. Cowpea mosaic virus (CPMV) nanoparticles functionalized with RGD peptide were observed to accumulate in MDA-MB-468 human breast cancer tumours in the avian embryo chorioallantoic membrane over a period of 12 h [@bib0035]. Similarly, CPMV based nanoparticles were decorated with an EGFL7-binding peptide, E7p72, to specifically target tumour-associated neovasculature [@bib0036]. Real-time live intravital imaging of tumour neovasculature and normal blood vessels showed that CPMV-PEG-E7p72, but not CPMV-PEG control nanoparticles, accumulated in the tumor endothelium. Quantification of NP intensity indicated that the NPs quickly accumulated in the tumour neovasculature. Colocalization analysis between NPs and lectin further confirmed this tumour neovasculature targeting. The use of CPMV nanoparticles in cancer therapy and imaging, including intravital imaging, have been reviewed in detail [@bib0035].

The enhanced permeability and retention (EPR) effect is a central dogma for nanomaterial transport into solid tumours. In brief, tumour vasculature was believed to experience increased permeability due to the presence of large inter-endothelial gaps. Tumour vasculature leakage, poor lymphatic drainage, and slower blood flow in tumours are believed to provide small nanoparticles with the opportunity to pass through inter-endothelial gaps enhancing their passive diffusion and accumulation \[[@bib0037], [@bib0038]\]. The Kataoka group observed, using intravital imaging, that the EPR effect is not a static process. Instead, it exists as a dynamic vascular burst followed by a brief, vigorous outward flow of fluid (eruption) into the tumour interstitial space, with or without leukocytes nearby ([Fig. 2](#fig0002){ref-type="fig"}a,[2](#fig0002){ref-type="fig"}c). Harney et al. used IVM to demonstrate that TIE2^hi^ /VEGFA^hi^ perivascular macrophages are responsive to the transient vascular permeability in tumours [@bib0039]. However, no statistical relationship between the presence of vascular leukocytes and the occurrence of eruptions was found in Kataoka\'s study. They studied the permeability of tumour blood vessels using two different sizes (30 and 70 nm) of fluorescently labelled polymeric nanoparticles in both hypovascular human pancreatic BxPC3-GFP tumours and U87MG glioblastoma tumours. The eruptions were shown to occur stochastically throughout the 10 h observation period. Static permeability that is inherently mediated by the presence of small static pores was found to be a major factor for the uptake of smaller nanoparticles (30 nm), but not as much of a factor for the uptake of larger nanoparticles (70 nm). They concluded that smaller nanoparticles could utilize both eruption and static permeability across static pores, whereas larger nanoparticles and Doxil primarily rely on eruption. These findings offer a new image-guided optimization strategy for the design of larger NPs whose uptakes rely on the occurrence of dynamic vascular bursts rather than transport across static pores [@bib0008] The EPR effect has also shown promise in cardiovascular disease. Recently, Beldman et al. showed that antiglycolytic therapy induces vascular renormalization, leading to decreased vascular leakiness and reduced uptake of hyaluronan nanomaterials. This supports the role of vascular leakiness in the uptake of nanomaterials, and suggests that employing a vascular normalization therapeutic strategy should not be done in conjunction with NP delivery that relies on the EPR effect [@bib0040].Fig. 2New insights on EPR using IVM. a) NP transport through gaps between adjacent endothelial cells in dynamic vascular bursts; b) NP transport across the endothelial cell layer *via* transcytosis. c) Representative eruption (white arrow) occurring near a Hoechst-stained (white) leukocyte cell (yellow arrow) (top) and an eruption occurring without cells nearby(middle), respectively. 70 nm nanoparticles (red) and a BxPC3-GFP dorsal skinfold model (green) were used. Eruption of Doxil particles (red) using a GFP dorsal skinfold model (green) (bottom). Scale bars, 100 μm. Adapted from Matsumoto et al. [@bib0008] with permission; d) Intravital imaging shows colocalization of nanoparticles with endothelial cells to form hotspots along the vessel lining (red, stained with GSL1-Cy3). Arrows indicate hotspots. These vessels belong to MMTVPyMT (top) and 4T1 (bottom) tumour models. The 50 nm AuNPs (green) were conjugated with Alexa Fluor 647 to obtain the fluorescent signal. Scale bars, 200 μm; insets, 20 μm. Adapted from Sindhwani et al. [@bib0009] with permission. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)Fig 2

However, the reliance of EPR effect on inter-endothelial gaps was recently challenged by Chan\'s group. They found that these inter-endothelial gaps are not responsible for the transport of nanoparticles into solid tumours. Instead, an active process through endothelial cells ([Fig. 2](#fig0002){ref-type="fig"}b) accounts for majority of NP entry into tumours. Four different mouse models: U87-MG, 4T1, PDX and MMTV-PyMT, along with three different types of human tumours were utilized for the analysis. Using a custom microlensed spinning disk confocal microscope, intravital imaging of MMTV-PyMT mice was conducted to observe the active transcytosis process of AuNPs. The images demonstrated colocalization of the NPs (labelled with Alexa Fluor 647) with endothelial cells to form hotspots along the vessel lining (red, stained with GSL1-Cy3) over time, which indicates interaction between the nanoparticles and endothelial cells ([Fig. 2](#fig0002){ref-type="fig"}d). These spots are not transient. Transmission electron microscopy (TEM) further validated these spots in different stages of extravasation *via* transcytosis, *e.g.* uptake, vesicular localization and exit into the tumour interstitium [@bib0009]. Whether it is the inter-endothelial transport or intra-endothelial transport that contributes to the EPR effect remains a debate. More systematic studies that take into consideration the physicochemical properties of the nanoparticles, the shear stress by blood flow [@bib0041], stromal parameters such as fibroblasts [@bib0042], fluid convection and interstitial fluid pressure [@bib0043], as well as the resolution of microscopes [@bib0044], are needed to better understand the complicated tumour targeting behaviours of different types of nanomaterials.

Understanding how NPs dynamically interact with endothelial cells is essential in order to tailor the systemic delivery of NPs to tumours. Beyond the size, charge, and surface modifications, the timing in which NPs transport through endothelial cells was largely ignored in the past. The early interactions between NPs and endothelial cells appear to play an important role in immune modulation. Thus, the order in which cells encounter NPs may also play a critical role in their delivery.

2.4. Other cell types {#sec0013}
---------------------

Another significant cell type that frequently interact with NPs are epithelial cells, which serve as physical barriers that prevent pathogens and toxins from entering the body. Choi et al. reported a rapid translocation of NPs from lungs to the draining mediastinal lymph nodes and the bloodstream after administration in lungs \[[@bib0045], [@bib0046]\]. *In vivo* clearance of amorphous silica nanoparticles by transcytosis across alveolar epithelial cells was visualized by IVM as well. The silica NPs, suspended in perfluorocarbon, were administered into the lungs of mice for imaging. NPs formed agglomerates that settled on the alveolar wall. Half of these agglomerates were removed from the lung within 30 min. Smaller agglomerates were observed to disappear quickly, whereas larger entities experienced a gradual reduction in size. A fraction of particle agglomerates remained stationary within the observation timeframe of 1 h, suggesting a second, slower phase of clearance [@bib0047].

Besides illustrating NP interactions with alveolar epithelial cells in the lung, intravital imaging has also shed light on how NPs interact with tubular epithelial cells in the kidney. Renal clearance is limited by glomerular basement membrane (GBM) pore size (\~6 nm), although there is growing evidence that NPs exceeding this threshold can also be excreted through urine. Naumenko et al. conducted real-time tracking of Cy5-labelled PEGylated 140 nm iron oxide cubes and clusters in both the superficial renal cortex and renal tubules using IVM. Intravital imaging recorded NP transport from peritubular capillaries to the basal compartment of tubular cells, and subsequent excretion to the lumen within 60 min after systemic administration. The results suggest that translocation through the peritubular endothelium to tubular epithelial cells is an alternative mechanism of renal clearance, enabling excretion of NPs above the glomerular cut-off size [@bib0048]. The specific uptake of large diameter (350--400 nm) polymer-based mesoscale nanoparticles (MNPs) that targeted the renal proximal tubular epithelial cells has also been observed by IVM [@bib0049].

Intravital imaging has also recently been applied to study the interaction of NPs with other cells. For example, the *in vivo* fate of stem cells was evaluated by intravital imaging and magnetic resonance imaging (MRI) using a caspase-3 cleavable peptide-dye conjugated with clinically-approved ferumoxytol NPs [@bib0050]. They labelled both mouse mesenchymal stem cells and pig mesenchymal stem cells with the NPs and then transplanted the labelled cells within biocompatible scaffolds to calvarial defects in mice. The immune response to transplantation of pig mesenchymal stem cells within the mice induced cleavage of the peptide-dye conjugate, triggering an increase in fluorescence intensity, allowing for detection of the immune response. Additionally, the ability of mesoporous silica NP-supported lipid bilayers (Protocells) to be delivered to individual leukaemia cells (REH leukaemia cell line transduced with EGFR) was observed *via* intravital imaging in chick embryo chorioallantoic membrane (CAM) [@bib0051]. Furthermore, the use of aptamer dual-functionalized nanoparticles (dTNP) to target and neutralize circulating tumour cells (CTC)-in the bloodstream of a 4T1-GFP cell-derived lung metastasis mouse model was demonstrated using *in vivo* flow cytometry (IVFC), intravital imaging, and confocal microscopy analysis [@bib0052]. Understanding the interaction of a variety of cells with NPs ([Table 1](#tbl0001){ref-type="table"}) will better extend the application of NPs in the future.

2.5. Simultaneous interaction with multiple cell types {#sec0014}
------------------------------------------------------

Once NPs are intravenously injected, they will encounter and interact with many different types of cells or subsets of cells *in vivo*. However, no cells are working in an isolated state in the real microenvironment of the body. The role of multiple cell types working in tandem on shaping NP delivery is an interesting topic, and some recent examples have started to address this issue.

### 2.5.1. NP-neutrophil-endothelial cell interactions {#sec0015}

Liposomes are currently the most extensively used nanocarriers in anti-cancer treatment. Naumenko et al. utilized IVM to track 1,1′-dioctadecyl-3,3,3′,3′-tetramethylindodicarbocyanine (DiD)-labelled neutral liposomes (109 ± 28 nm) in xenograft tumour models (murine breast cancer 4T1, melanoma B16, human prostate cancer 22Rv1) and normal skin. The neutrophil and liposome extravasation dynamics were recorded as images ([Fig. 3](#fig0003){ref-type="fig"}a). Importantly, their results were in contrast to previously depicted neutrophil-mediated delivery routes in which neutrophils directly engulf NPs before transporting them through the endothelium. In this study, the neutrophils did not take up liposomes directly. However, the decreased accumulation of liposomes in 4T1 tumours under a neutrophil-depleted state further indicated that these cells have a positive effect on NP delivery. Furthermore, intravital images found that extravasation spots were detected more frequently in the proximity of neutrophils. Thus, they proposed that two distinct extravasation patterns exist for liposome transport through the endothelium: microleakage and macroleakage. The former, a local perivascular nanoparticle deposition, was observed both in tumours and healthy tissues. This type of liposome leakage is not specific for tumours and is responsible for drug deposition in normal tissues. Instead, macroleakage mediated by neutrophils is the greatest contributor to tumour accumulation [@bib0053]. Thus, in this study, neutrophils promoted NP delivery to tumour tissue by collaborating with endothelial cells, leading to a macroleakage extravasation pattern.Fig. 3The collaborative and competitive relationship between NPs and cells. a) IVM reveals two different liposome extravasation patterns. A-B. Representative images of liposome extravasation in 4T1 orthotopic tumors through microleakage (A, arrow) and macroleakage (B, dashed line) after i.v. injection. Time-lapse imaging of neutrophil extravasation followed by microleakage (C, arrow) and macroleakage development (D,arrow); red, liposomes; green, Ly6G-positive cells; scale bar, 50 μm. Yellow arrow in C points to an extravasated neutrophil crawling in the perivascular area. Adapted from Naumenko et al. [@bib0053] with permission; b) Faster nanoparticle sequestration by macrophages with limited capacity and slower nanoparticle sequestration *via* SECs with large capacity, visualized *in vivo* in real-time and at ultrastructural resolution. Adapted from Hayashi et al. [@bib0054] with permission. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)Fig 3

### 2.5.2. NP-macrophage-endothelial cell interactions {#sec0016}

In contrast to the collaborative relationship between neutrophils and endothelial cells for NP delivery, a competition between macrophages and endothelial cells was reported recently. Hayashi et al. performed three-colour intravital imaging using pacific blue-labelled model nanoparticles (70 nm SiO~2~) in transgenic zebrafish embryos with cell type-specific fluorescent reporters (*fli1a:eGFP/mpeg1:mCherry*). In this model, the GFP fluorescence represented the signal from scavenger endothelial cells (SECs), while the mCherry fluorescence indicated the signal from macrophages. They found that macrophages rapidly sequestered nanoparticles *via* membrane adhesion and endocytosis (including macropinocytosis) within minutes after injection, while SECs trapped single nanoparticles *via* scavenger receptor-mediated endocytosis, resulting in gradual sequestration with a time scale of hours ([Fig. 3](#fig0003){ref-type="fig"}b). Inhibition of the scavenger receptors *via* DexSO4 hindered SECs from accumulating nanoparticles (decreased from \~77% to \~22%) but enhanced uptake in macrophages (increased from \~2% to \~65%), indicating a competitive relationship between SECs and macrophages for nanoparticle clearance *in vivo*. The kinetics of nanoparticle sequestration in SECs and macrophages were assessed within the first 30 min post-injection *via* intravital imaging, and the image analysis further supports the rapid nanoparticle accumulation by macrophages and gradual sequestration by SECs with slower kinetics but a more profound contribution to the overall blood clearance. One limitation of this study is that as the macrophage: SECs ratio is a critical factor to determine their respective contributions in a given tissue, the difference between zebrafish embryos (1:10) and the mammalian liver (roughly 1:2,3) may lead to a different conclusion in other models [@bib0054].

2.6. Understanding spatiotemporal NP-cell interactions under stimulation *in vivo* {#sec0017}
----------------------------------------------------------------------------------

To accelerate clinical translation of cancer nanomedicine, in addition to optimizing physicochemical properties of NPs, tumor microenvironment modulation strategies (for example radiation stimulation, ultrasound stimulation, and photodynamic therapy (PDT)) have been applied in order to improve tumor uptake. In this section, we will discuss how these stimulations change the behavior of NP transport, as revealed by intravital imaging.

### 2.6.1. Radiation therapy (RT) and radiofrequency (RF) ablation {#sec0018}

High-resolution intravital imaging in HT1080 human fibrosarcoma-bearing mice with dorsal window chambers revealed that after radiation, tumour associated macrophages elicit dynamic bursts of extravasation, subsequently enhancing drug uptake in neighbouring tumour cells [@bib0055]. Fluorescent dextran was used to label the tumour vasculature. Dextran-coated 20-nm nanoparticles (NPs) were administered to MerTK^GFP/+^fluorescent reporter mice (used to visualize TAMs), as well as transgenic mice with a nuclear-localizing 53BP1-mApple reporter protein (used to visualize tumour cells), 24 h before imaging. Images revealed that RT-treated mice have larger tumour vessels and more TAMs located near the vessels. In addition, cellular analysis of tumour imaging confirmed that the number of macrophages increased by \>50% after RT and tumour cell density decreased correspondingly. Clinically relevant NPs (fluorescently labelled liposomes, polymeric micelles, and DOXIL) were all detected at higher concentrations in RT-treated tumours. However, no difference was observed between irradiated and unirradiated tumours in TAM-depleted mice, which further confirmed this TAM-dependent route. Lastly, combining radiation and cyclophosphamide led to enhanced vascular bursting and up to a six-fold increase of NP accumulation in tumours. Moreover, Lapin et al. found that non-invasive RF-induced mild (40--42 °C) hyperthermia can significantly enhance the extravasation of a water-soluble and fluorescent fullerene derivative (C60-serPF). Analysis of influx velocity and time indicated that C60-serPF had greater extravasation into orthotopic breast tumour tissue than into contralateral mammary fad pads [@bib0056]. The focal hyperthermia destruction induced *via* RF in tumour vessels may be a reason for this enhanced extravasation [@bib0057]. The same group provided a detailed protocol for the safe integration of intravital imaging with a high-powered non-invasive radiofrequency field applied to 4T1 orthotopic breast tumours in live mice [@bib0058].

### 2.6.2. Photodynamic therapy (PDT) {#sec0019}

Like the TAM-dependent enhanced drug uptake caused by radiation therapy, Huis In \'t Veld et al. demonstrated a tumour-associated myeloid cell-dependent enhancement of NP uptake in response to photodynamic therapy [@bib0059]. PDT increased the tumour accumulation of systemically administered lipid-PEG layer coated poly (lactic-co-glycolic acid) (PLGA) nanoparticles. Intravital microscopy and histological analysis of the tumour area revealed that the tumour vasculature was disrupted after PDT, leading to disturbed blood flow and the entrapment of nanocarriers at the tumour site. They observed that the nanoparticles that accumulated after treatment localized to cells present throughout the tumour site, and further analysis with flow cytometry confirmed that these cells were tumor-associated myeloid cells. Tumour accumulation increased *via* PDT may rely on at least two factors. The first is the direct change of vascular structure. In our previous work, we observed enlarged fenestrae on the endothelial walls in PDT-treated mice [@bib0060]. The second factor is that PDT can also deconstruct the extracellular matrix (ECM), which hinders NP penetration [@bib0061].

### 2.6.3. Ultrasound (US) stimulation {#sec0020}

Another technique for vascular disruption is the acoustic vaporization of micro- or nanoscale droplets (MDs or NDs) induced by ultrasound sonication. The intravital penetration of DiI-labelled liposomes was observed using an acousto-optical integrated system with a 2-MHz focused ultrasound transducer in a window-chamber mouse model. In the intravital image analyses, the intratumoral accumulations of DiI-labeled liposomes were 1.7- and 2.3-fold higher in the MD and ND groups treated with ultrasound than in groups that were not treated with ultrasound [@bib0062]. Similarly, intravital imaging provided direct visualization of disrupted tumour vessels (vessel size \< 30 µm). The extravasation distance under ultrasound was increased 8.3-fold compared to mice treated with DOX-nanodroplets alone [@bib0063]. For the extravasation distance, significant variations in the extracellular matrix have also been observed. Extravasation distance was dependent on many factors, such as mechanical indexes (MI). At higher MI, the extravasation occurred in smaller vessels and was more likely to occur close to vessel branching points. US also altered NP flow velocity and blood flow direction in an MI-dependent manner [@bib0064]. Besides the extravasation distance, the rate of diffusion is also critical for NPs accumulation. Ultrasound enhanced the extravasation of micelles 1.5-fold and that of nanodroplets 4.7-fold, and a faster extravasation and tumour cell internalization occurred for polymeric micelles than nanoemulsion droplets. An extra-fast diffusion should be avoided as it may result in the flow of extravasated nanoparticles from the tumour to healthy organs [@bib0065]. Moreover, unlike imaging with MDs or NDs only, an ultrasound-triggered conversion of high payload porphyrin-encapsulated microbubbles to nanobubbles was monitored by simultaneous intravital and acoustic imaging. Rapid extravasation of the agent occurred in less than two minutes. Of note, this provides direct evidence of extravascularly intact nanobubbles obtained by taking advantage of simultaneous dual-modality imaging [@bib0066].

Stimulations including radiation, PDT, and ultrasound are all able to enhance extravasation of NPs in tumours through changing vascular structure/function or deconstructing the ECM, thus achieving better tumour accumulation of NPs.

3. Outstanding questions and future perspectives {#sec0021}
================================================

Intravital microscopy has provided valuable new insights into the fundamental interactions between nanoparticles and cells. These insights have included providing a better understanding of the controversial EPR hypothesis, illustrating the competition between different cell types for nanoparticle uptake, and demonstrating that various cell types can play an active role in nanoparticle transport to tissues of interest. There are a number of factors that must be taken into consideration for expanded use of IVM in studying nanoparticle-cell interactions. First, the development of high-throughput and standardized IVM techniques, such as those described by Miller et al. [@bib0067] can provide a structured approach that can be widely adopted across multiple labs. This can allow for greater reproducibility and comparability of results, especially through the adoption of quantitative methods [@bib0068]. Second, considering the potential physiological differences between animal models and humans, the adoption of IVM for *in vivo* human use where possible can provide a more accurate understanding of nanoparticle interactions with human tissue. For example, a recent report by Mohammed et al. used multiphoton tomography with fluorescence lifetime imaging microscopy to demonstrate the safety of ZnO NPs as a widely used broad-spectrum sunscreen in humans [@bib0069]. Third, insights provided by IVM studies should be adapted in the design of nanomedicines. It is clear that nanoparticle features such as size, composition, and surface functionalization play an important role in interactions between nanoparticles and tissues of interest. In addition, the tissue microenvironment can be primed for more favorable nanoparticle uptake through the application of various stimuli. These parameters should be considered and can be extensively explored with specific particle systems and diseases in mind, allowing for optimization of nanoformulations based on a thorough understanding of the tissue microenvironment.

4. Search strategy and selection criteria {#sec0022}
=========================================

Data for this review were identified by searches of PubMed, and references from relevant articles using the search terms "nanoparticles", "intravital imaging", and/or "*in vivo* imaging" between 2015 and 2020 were included.
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